Designing and Setting up a Process for Assessing Measurement System\u27s Capability by Namala, Kiran
St. Cloud State University
theRepository at St. Cloud State
Culminating Projects in Mechanical and
Manufacturing Engineering
Department of Mechanical and Manufacturing
Engineering
2-2008
Designing and Setting up a Process for Assessing
Measurement System's Capability
Kiran Namala
Follow this and additional works at: https://repository.stcloudstate.edu/mme_etds
This Starred Paper is brought to you for free and open access by the Department of Mechanical and Manufacturing Engineering at theRepository at St.
Cloud State. It has been accepted for inclusion in Culminating Projects in Mechanical and Manufacturing Engineering by an authorized administrator
of theRepository at St. Cloud State. For more information, please contact rswexelbaum@stcloudstate.edu.
Recommended Citation
Namala, Kiran, "Designing and Setting up a Process for Assessing Measurement System's Capability" (2008). Culminating Projects in
Mechanical and Manufacturing Engineering. 67.
https://repository.stcloudstate.edu/mme_etds/67
This tarred paper submitted by Kiran NamaJa in partial fulfillment of the 
requirements for the Degree of Master of Engineering Management at t. loud tale 
ni crsity i hereby approved by the final e aluation committee. 
Dean 
ch I f raduate tudies 
DESIGNING AND SETTING UP A PROCESS FOR ASSESSING 
MEASUREMENT SYSTEM'S CAP ABILITY 
by 
Kiran Namala 
B.Tech., D.V.R. College of Engineering and Technology, 2005 
A Starred Paper 
Submitted to the Graduate Faculty 
of 
St. Cloud State University 
in Partial Fulfillment of the Requirements 
for the Degree 
Master of Engineering Management 
St. Cloud, Minnesota 
February, 2008 
ABSTRACT 
Measurement Systems Analysis is a methodology applied to measure the 
amount of variation in the measurement device. The purpose of conducting the MSA 
study is to quantify measurement error and to reduce the measurement variation to the 
maximum possible extent. The study is pursued by referring to various quality control 
books, papers and experts in this area. Potential problems related to the measurement 
device (if they exist) would be exposed after this study and recommendations would 
be made in order to achieve a successful quality improvement. 
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The first step in successful quality improvement or statistical process control 
. program is having good measurement systems. More than often, a measurement 
system's performance is evaluated by performing a set of designed experiments that 
quantify the error in the gage. There are two categories of measurement errors and 
they are accuracy and precision. Linearity, Stability and Bias e the accuracy errors; 
Gage Repeatability and Reproducibility (R&R) are accuracy errors. The point of the 
study is to measure the error in measurement systems. ln other words an MSA study 
analyzes the variation of measurements of a gage (linearity, bias, and repeatability) 
and variation of measurement by operators (reproducibility) and ariation of 
measurement due to aging (stability). It is very important in quality control processes 
as the goal of process control is to eliminate (if possible) or reduce variation in the 
process and ultimately the products. Studies on measurement vari-:ition are not worth 
the time and money they consume unless they lead to action to reduce process 
variation and improve process control. To address the problem first we need to 
measure it precisely, thus the assessment of the gage becomes the priority. 
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Statement of the Stu y 
The purpose of thi study is to evaluate measurement systems of a plastic sheet 
film manufacturer in the mid-west rn Uni ed States. Data are retrieved from a set of 
experiments that are set u on the measurement systems at manufacturing site. This 
study started in the fall semester, 5. The researcher observed the plant 
en ironment, as isted with the set-up of the experiments and discussed potential 
problems with the plastic sheet film maker in order to develop the measuring system. 
Need for the Study 
This MSA study is specifically designed for the Plastic sheet film manllfacturer 
who purchased a series of thickness measurement equip111ent and needs to identify the 
capability of each of the asurement system in order to ~now \ hich system is best 
suited depending on the samples being measured. 
Objectives 
l . Design and set up a Measurement systems analysis study. 
2. Analyz the expl:!rimental data. 
3. Assess the capability of the measurement system and make 
recommendations. 
Significance of the Study 
Due to heavy c • petition and customer requirement in the plastic sheet film 
manufacturing sector, companies need to maintain the high le el quality. Customers 
need a very highly accurate and precise product thus the range of specification is quite 
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low and sometimes only a target value. It is very tough to manufacture in such a low 
range. In such situations companies have no room for measurement errors, they need 
very accurate and precise measuring devices which are very expensive for their line of 
profit. Besides monitoring the process companies they even need to monitor their 
gages closely and regularly, being a small/medium sized industry it cannot always 
invest time and money for measuring devices in getting them calibr ted. They need a 
methodology to monitor the gage themselves. This paper is written to help understand, 
quantify and measure the variations in the measurement systems. 
We have many sources that help us in finding the accuracy and precision of a 
measuring device, but does that answer the questions like how is gage performing 
through its range of measurement, over a period of time? Can we measure a measuring 
device in all its aspects? This paper helps all these answers these questions. A detailed 
and specific Measurement Systems Analysis study will be developed. This study is 
planned to identify and thus prevent quality issues that are due to an incapable 
measurement system. The Measurement systems analysis study is a necessary and 
efficient quality control tool. 
Limitations of this Study 
This study is limited to the researcher's time and the work experience in the 
plasti sheet manufacturing plant. 
ln the initial efforts to improve quality we measure gage and this paper acts as 
complete guide in designing and setting up a process for measurement systems 
analysis for plastic sheet film manufacturer's thickness measuring devices, it answers 
all questions relating to gage performance and does not go beyond this limit. 
Definitions 
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Measurement: "The assignment of numbers or values to material things to 
represent the relations among them with respect to particular properties." This 
definition was fist given by C. Eisenhart in 1963. The process of assigning the 
numbers is defined as the measurement process, and the v':llue assigned is defined as 
the measurement value [ 1]. 
Gage: any device used to obtain measurements; frequently used to refer 
specifically to the devices used on the shop floor; includes go/no-go devices [ 1 ]. 
Measurement system: the collection of operations, procedures, gages and other 
equipment, software, and personnel used to assign a number to the characterii. ic being 
measured; the complete process used to obtain measurements [2]. 
Master: A standard that is used as a reference in a calibration process. May 
also be termed as reference or calibration standard [2] . 
Chapter 2 
LITERATURE REVIEW 
Here the concept of measurement systems variation its method of study and its 
analysis is discussed. It includes a report of findings on the significance of MSA 
studies on process control. 
Measurement Systems Error 
Typically, measurement system errors are classified into tw categories: 
precision and accuracy. 
I. Precision: Describes the variation you see when you measure the same 
repeatedly with the same device. 
2. Accuracy: Accuracy is the difference between the measurement and the 
part's master or true value. 
Every measurement systems, always has one or both of th~e problems in it. Example, 
a system may measures samples accurately but not precisely; or a device can be 
accurate and not precise, which means the measurements have large variation; or a 
system is neither accurate nor precise (Figure ). 
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Measurement Process Variation 
The .easurement system's variation is characterized by location variation and 
width vibration. 
Location variation. The location variation shows accuracy of the measurement 
system is. Typically, it is broken into three components: stability, bias, and linearity. 
Stability is the total variation in the measurements obtained with a 
measurement system of the same master or parts when measuring a single 
characteristic over an extended time period. That is, stability is the change in bias over 
time ([2]. To determine t.J.ie Stability enough data should be sampled to cover a wide 
range of possible variation contributors that are applicable to the process being 
measured (3]. 
Accurate & preci e Accurate bur not precise 
Preci. e bur nor accurate Not accurate or precise 
Figure I: Precision and Accuracy 
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Instability can be caused by: 
1. Worn out systems, nonnal obsolescence, poor maintenance, distorted gage 
or part. 
2. Calibration, poor quality of instrument (confonnance and design), 
Instrument design robustness. 
3. Damaged/ worn master, error in master. 
4. Method of measurement-loading, setup, technique, improper use of the 
setting master. 
5. Environmental drift-humidity, vibration, temperature. 
6. Violatio of an assumption, error in an applied constant. 
7. Improper application-position, part size, operator skill, observation error 
[2]. 
Bias is the difference between the true value (reference value) and the 
observed average of measurem ts on the same characteristic on the same part [2]. It 
is the measure of the systematic error of the measurement system. Bias is the 
contribution to the total error consisting of the combined effects of c1J! so1,;rces of 
variation. The variations' contributions to the total error tend to offset predictably and 
consistently all results of repeated applications of the same measurement process at 
the measurement time period [2]. 
Excessive Bias can be resulted from: 
1. Worn equipment, instrument, damaged/error master. 
2. Calibration, Low quality instrument (confonnance, design). 
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3. Wrong Measuring characteristic, Linearity error. 
4. Different measurement method. 
5. Environmental drift- humidity, vibration, temperature. 
6. Improper use of the setting master [2]. 
Linearity is the difference of bias throughout the operating range of the 
equipment [2]. A measurement process can have the capability of measuring small 
parts but much less accurate when measuring large parts or one end of a long part can 
be measured more accurately than the other end. It can be considered as a change of 
bias with respect to size. 
If a measurement system has non-linearity, the possible ca scan be: 
1. Improper instrument calibration at both lower and upper end of the range. 
2. Damaged or worn instrument. 
3. Impr\. .;ise or inaccurate gage for application. 
4. Wrong instrument design characteristics. 
5. En 'ronmental causes-humidity, vibration, or temperature. 
Width Variation 
The width variation shows precision of the measurement system is. It ts 
typically broken into two components: Repeatability and Reproducibility. 
Repeatability is usually considered as the .. with appraiser" variability (the way 
each operator measures). It is the measurement variation which is obtained with one 
measurement instrument used by one appraiser several tiines while measuring the 
identical characteristic on the same part [2]. Repeatability is a common (random error) 
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variation resulting from successive trials under defined and specific conditions of 
measurements. The correct term for repeatability is within-system variation when the 
condition of measurement are defined and fixed (fixed instrument, standard, operator, 
part, method, and assumptions and environment) (2]. Two common sources of 
repeatability error are measurement variations due to the position variation of the part 
and instrument it selves. The range chart is used to show the consistency of the 
measurement process because both of these variations are represented by the subgroup 
ranges of repeated measurements. 
Besides the two common sources of repeatability errors, other possible errors 
include: 
I. Within-instrument wear, repair, fixture failure, poor maintenance or quality. 
2. Within-standard: class, wear or quality. 
3. Within-method: Variation in technique, setup, holding, zeroing, point 
density, or clamping. 
4. Within-part (sample): position, surface finish, form, sample consistency 
and taper. 
5. Within-environment: temperature, humidity lighting, cleanliness and 
ibration . 
6. Within-appraiser: Position, experience, technique, fell , fatigue or training/ 
manipulation skill. 
7. Wrong gage for the a 
8. Lack of rigidity (gage or part). 
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9. Violation of an assumption- proper operation or stable. 
10. Instrument design or method is not rohust and unifonn. 
11 . Application- position, observation error or part size [2]. 
Reproducibility is defined as the variation in the average of the measurements 
which are made by different appraisers who use the same measuring instrument when 
measuring the same characteristic on the same part. This is often true when the manual 
instruments are influenced by the operators' skill. However, it is not true when the 
measurement processes (i.e., automated systems) is used where the operator is not a 
significant source of variation. Because of this reason, reproducibility is considered as 
the average variation between-conditions or between systems of measurement [4]. 
Possible sources of reproducibility error in a measurement system include: 
Between-instruments: average difference using instruments A, B, C, etc., 
for the same operators, p s and environment. 
2. Between-parts: average difference when measuring types of parts A, B, C, 
etc., using the same instrument, method and operators. 
3. Between-methods: average difference caused by changing point densities, 
zeroing, manual versus automated systems, clamping methods, or holding, 
etc. 
4. Between-standards: average influence of different setting standards in the 
measurement process. 
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5. Between-appraisers: a erage difference between appraisers caus.ed by 
technique, skill, training and experience. This is recommended study for 
process qualification and product and a manual instrument. 
6. Between-environment: average difference in measurements over time 
caused by environmental cycles: this is the most common study for 
highly automated systems in product and process qualification. 
7. Instrument design or method is not robust. 
8. Assumption violation. 
9. Ineffective operator training. 
10. Application- position, observation error or part size [2]. 
Concept of Gage R&R 
"Gage refers to any device used for making measurements" (5]. An R&R 
study analyzes the variation in measurements of a gage (repeatability) and variation in 
measurements by operators (reproducibility). The Measurement systems analysis 
studies are a waste of time and money unless they l.;ad to action to reduce process 
variation and improve process control. 0 Since yo 1 can't address something that cannot 
be measured precisely, the assessment of the gage becomes an early priority" [5]. 
"Gage R&R is an estimate of the combined variation of repeatability and 




Distribution of repeated 
measurements on the 
same part by one operator 
with the same gage 
Reproducibility Distribution of the 
averages of many 
operators using the 
same gage 
R&R 
The combined effect 
of gage variation 
among operators 
Figure 2: Repeatability, Reproducibility, and R&R (5) 
The capacity of a measurement system simply includes the components of: 
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1. Repeatability and reproducibility (GR&R). including short-term 
consistency. 
2. Uncorrected bias or linearity. 
Methods of Gage R&R Study 
Gage R&R can be applied to any kind of measurements (attribute or variables, 
indeterminate or determinate). There are many methods overviewed in the literature 
that can be used to perform Gage R&R. Below are a few: 
1. A erage and range method, 
2. Analysis of variance (ANOVA) method, 
3. Within part variation (WfV method, 
4. Automotive Industry Action Group (AlAG, Southfield , Ml) method, 
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5. Short range method for destructive testing, 
6. Short range method for non-destructive testing, 
7. Long range method for destructive testing, 
8. Long range method for non-destructive testing, 
9. The Instantaneous method (one appraiser for equipment variation only) [6). 
However, the two most common method types used and supported by statistical 
software are the ANOVA method (Analysis Of Variance) and the average and range 
method. 
Average and Range Method 
The Average and Range method (X and R) provides estimates for variation 
caused by reproducibility and repeatability. It allows the measurement systems 
variation into three separate components: part-to-part, repeatability and 
reproducibility, but not their interaction. The ANOV A method is used to determine 
this interaction between the gage and appraisers (see figure). Both the Average and 
Range method and ANOV A method provide information concerning the causes of 
measurement sy tern or gage error. 
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Over Variation 
r------- ----- - ---- -- ------------- --, : f p;;;p-.;rt V;i;.i;- - - - - -- -M;;.;.;;;ent s;s-;; vari;i;,- - - - - , : 
I I I 
I I 
I I I 
: : Variation due to gage Variation due to operators : 
I I l l I I I I 
I I I 
I : Repeatability Reproducibility I 
:~--------------------------~------ l 
--------------- - - - -- , ~ ~ I 
: Operator Operator by Part : 
~-----------------· 
1::::J Average and Range Method r----, L- I ANOVA Method 
L--• 
Figure 3: Average and Range Method, ANOVA Method 
If reproducibility is large compared to repeatability, then possible causes could 
be: 
1. The appraisers need to be better trained in ho\ to use and read he gage 
instrument. 
2. Calibrations on the gage dial are not correct. 
3. A fixture of some sort may be needed to help the apprais r use the gage 
more consistently. 
If repeatability is larger than reproducibly, the reasons may be: 
1. The instrument needs to be well maintained. 
2. The gage should be redesigned to he more rigid. 
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3. The location or clamping for gagging needs improvements. 
4. There is excessive within-part variation [2]. 
ANOV A Method 
ANOVA is a standard mathematical method for analysis of the measurement 
error and other sources of variability of data in a measurement systems study [l]. In 
the analysis of variance, the variation is broken down into four categories: parts, 
appraisers, interaction between parts and appraisers, and replicacion error due to the 
gage. 
The advantages of ANOV A techniques over the Average and range methods 
are that ANOV A has the capability to handle any experimental set-up, estimate the 
variances with better precision and accuracy, can extract more information from the 
experimental data. The information includes interaction between parts and appraisers 
effect. 
Evaluation of Results 
From a Gage study, %EV (the p rcent the repeatability or equipment 
variation), %AV the percent the appraiser ariation) %R&R (the percent the 
measurement system variation for repeatability and reproducibility) and %PV (the 
percent the part-part variation) are calculated. Guidelines for acceptance of gage 
repeatability and reproducibility are: 
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1. Under 10% error- the measurement system is ace ·.1!.able(satisfactory), 
2. 10% to 30% error-the measurement system may be acceptable depending 
upon importance of application, cost of repairs or cost of gage, etc., 
3. Over 30% error- measurement system is not satisfactory. It needs 
improvement.. Problems need to be identified and corrected [ 1 ). 
MSA Process Flow 
L Establish process parameter for the study. 
l. Determine measurement system to be studied. 
2. Establish testing procedure 
3. Determine number of sample parts, number of repeated readings, 
and ; ber of operators that will be used, choose operators and 
sample parts. 
IL Evaluate measurement system to determine if the system is in statistical 
control. 
1. Choose sample standards, measure sample standards three to five 
times. 
2. Plot data on x-bar and R chart. 
Analysis: 
1. Determine if process is in control. 
2. If process is unstable determine and correct the cause. 
Ill. Detennine if the measurement system can identify and differentiate 
between small changes in the given characteristic. 
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1. Choose a sample standard, measure the sample standard three to 
five times. 
2. Repeat the process 10 to 25 times. 
3. Plot data on a R chart 
Analysis: 
1. The resolution is inadequate if: 
There are only one, two, or three possible values for the range, or 
There are only four possible values for the range when n >= 3. 
JV. Determine the variation between the observed measurement and the actual 
measurement of a part . 
1. Choose sample standards, measure sample standards 15 to 25 times 
using the same measuring device, the same operator, and the same 
setup. 
2. Calculate x-bar and bias: 
Bias = Average - Reference Value 
3. Calculate the upper and lower 95% confidence limit (CL). 
Analysis: 
1. If reference value is within the 95% CL then the bias is 
insignificant. 
2. If reference value is outside the 95% CL then the bias is significant 
and measurement system must be recalibrated. 
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Ensure the instrument 1s accurate, and measurement bias is 
minimized. 
Calibrate instrument any of the manufacturer's instrJctions. 
V. Detennine the difference between the obtained value and a reference value 
using the same instrument over the entire measurement space. 
1. Choose three to five sample standards that cover the measurement 
space. 
2. Measure sample standards 15 to 25 times 
3. Calculate the average of the readings 
4. Calculate bias 
5. Plot reference values on x-y graph 
6. Calculate slope of the linear regression line 
7. Calculate linearity and percent linearity 
8. Calculate R2 
Analysis: 
1. The closer the slope is to zero, the better the instrument. 
R2 gives in•t ,~14. t• n of IH"' ' ·• " est-fi t' line accounts for 
ariability in the x-y graph. 
VI. Detennine variation in a set of measurement using a single instrument that 
can be credited to the instrument itself, and to the entire measurement 
system. 
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1. Generate random order for operators and parts to complete the run . 
2. Repeat process for subsequent runs. 
3. Ha e operators take measurements. 
Analysis: 
1. Plot data. 
2. Run ANOV A (analysis of variance) on data. 
3. Calculate total variance. 
4. Calculate% Contribution and determine if acceptable. 
5. Calculate% Contri ution (R&R). 
6. Calculate Process to Tolerance ratio (Pff) for repeatability. 




The purpose of this study is to evaluate he capability of the measurement 
systems that the manufacturing plant has. 
Instrumentation 
The data collection sheets v..ere developed by this researcher and adjusted by 
the plant personnel according to the real measuring environment. Starret (Disk) 
Micrometer Digital Indicator and Digital :ndicator are considered in this study. 
Methods for Data Collection 
To measure the stability a master part has been considered for each of the gage 
and measured repeatedly 12 times. For Linearity and Bias, three appraisers were used 
to measure fi e samples (master parts). Each appraiser had to measure the same 
sample twelve times for all three gages (Starret/Disk Micrometer, Digital Indicator 
and Digital indicator). For Repeatability and Reprodu ibility three appraisers were 
used to measure ten samples. Each appraiser had to measure the ame part three times 




To minimize the likelihood of misleading results, the following steps were 
1. The measurements were made in a random order. 
2. The appraisers were unaware of which numbered part was being checked 
in order to avoid any possible knowledge bias. 
3. Each appraiser used the same procedure, including all steps, to obtain the 
readings. 
4. The sample parts were selected from the process and had to represent its 
entire operating range 
Data Analysis 
The numerical data that was retrieved by the appraisers has been input to 
MINITAB15 software for data analysis. MINITAB, a comprehensive statistical and 
graphical analysis software package and has been providing statistical software 
solutions for over 25 years. Currently, M INIT AB is used by thousands of companies 
worldwide, including GE 3M, Ford Motor ompany, and the leading Six Sigma 
consultants. 
Chapter4 
REPORT OF FINDINGS 
All the data has been analyzed through MINT AB 15 software. The 
capabilities of the three measuring machines (Starret/Disk Micrometer, Digital 
Indicator and Digital indicator) are to measure all samples. These have been revealed 
in the data result sheets. Therefore, they could be applied to improve the quality 
control system in this plant to produce safe and quality products. 
Results 
The data collection sheet and the original data results can be reviewed in the 
appendix at the end of the report. 
Summary of Findings 
After reviewing the results of this study, it has been determined that the current 




Mitutoyo Digital Micrometer 
In this Gage there the difference noticed is negligible it appear that the cau e 
of this variation is Gage R&R which was found in the R&R study so this gage i 
stable over the period measured. 
Mltutoyo Digital Miaometer Stability 
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Glge linearity .nd Bias Study for Response 
G•9e iwme: Hiluloyo OIQl!al Hlnometer 
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As we can see bias is less in the range .0 - .015, and for samples around .030. 
This Gage has more linearity concerns than bias. 
Gage R&R Study- ANOVA Method 
G ge R&R for Measurement 
G ge name : Mi u oyo Digital Mic romet r 
Date of study: 
Reported y: 
Tole nee : 
MlSC: 
Two-Way ANOVA Table With Interaction 
Source OF SS 
Part 9 0 . 076 456 
Operator 2 0.015260 
p 
o . 403 
0 . 388 
Part • Operato 18 0 . 137617 
MS 
0 . 0084951 
0 . 0016301 
0 . 0076454 




1. 00110 0 . 472------IJrA 
R pea abil i y 60 0 . 458220 
Tot l 89 0 . 687553 
Al ha o r move in eraction term a 0.25 
Two-Way ANOVA Table Without Interaction 
Source OF SS 
P rt 9 0 . 076456 
Operator 2 0 . 0 15260 
Repeat bili y 18 0 . 595837 




0 . 0084951 
0 . 0076301 
0.0076389 
F p 
1.11208 0 . 364 
0.99885 0 . 373 
\Con ribution 
(of VarCompJ 
Total Gage R&R 
Repeatabili y 
Reproducibil i y 
Opera t or 
Par -To- Part 
VarComp 
0 . 0076389 
0 . 0076389 
0 .0000000 
0 . 0000000 
0 . 000095 1 
0 . 0077 341 
98 . 7~----_...,,.IJrB 
98 . 77 
0 . 00 
0 . 00 
1. 2 
To al Variation 100 . 00 
Study Var s udy Var 
Sou ce S dOev (SO) (6 . SDI ( SV) 
Total Gage R 0 . 081 4010 0 . 52 44 06 99 . 38 
Repea abi lity 0 . 087 4010 0 . 52 4406 99.38 
Reproduci il ity 0.0000000 0 . 000000 0.00 
Op a or 0 .0000000 0 . 000000 0 . 00 
Par -To-Pa rt 0 . 0097537 0.058522 11.09 
Total Variation 0 . 0879436 0 . 521661 100 . 00 
umber o Dis inc Ca egories u c 
A- When the p-value for "Operator by Part" is < 0.25, MINIT AB fits the full 
model. In this case, the ANOY A method will be more accurate than the Xbar and R 
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method. If the value is > 0.25, MINIT AB fits the model without the interaction and 
uses the reduced model to define Gage R&R statistics [7). 
B- lf the percent contribution from Part-Part is larger than that of Total Gage 
R&R, it tells us that most of the vari. tion is due to differences between parts; very 
little is due to measurement system error. if the percent contribution from Total gage 
R&R is larger than that of Part-To-Part, it means that most of the variation is due to 
the measuring system; very little is due to differences between parts [7). 
C- According to AIAG, number "5" represents an adequate measuring 
s stem. The lower the number is, the poorer the measurement system would be. A 
very low number tells us that the measurement system cannot distinguish differences 
between parts (7) . 
Gaoe name: 
Oiit of study : 
RepOfll'd by : 
Tolerin< : 
Hae: 
l .: ..... J 
I 2 1 ~ 6 7 8 9 10 ,.., 







1 . When the p- alue for Operator by Parr' i < 0.25. Ml IT AB fit the full 
model. In this case. the AN VA method will be more accurate than the X-
bar and R method [7]. If the value i > 0.25. MINIT AB fit the model 
without the interaction and use the reduced m del to define Gage R&R 
tati tic . This graph how that Part-to-Part ariation i ery les and most 
of the variation i due to Gage R&R and specifically repeatabilit . 
2. If the graph represent an erratic line a non-level line). it tell u there are 
large difference between Parts. If it i almost a level-line. it tells u there 
is little difference between part [ 7]. The line here i almost a le el line 
indicating le difference berw en pan . at sample 4 a we can see on 
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sample is very different from the other samples; here the line passes 
through mean value of the parts. 
3. If the graph represents an erratic line (a non-level line). it indicates that 
there is large difference between ranges each appraiser is measuring [7]. in 
this case the line is almost flat it indicates that irrespective of the appraiser 
the measurement range is almost same, sample 4 is an exceptional case. 
4. If the graph represents a nearly level line; it tells us there are small 
differences between operators [7]. If it is a level-line, it tells us there is 
little difference between operators which is true in this case. 
5. If most of the points in the X-bar chart are outside the control limits, 
indicating the variation is mainly caused by differences between parts. If 
most o the points in the X-bar are inside the control limits. indicating the 
ariation is mainly due to the measurement system (7]. 
6. This graph is a visualization of the p-value for Operator•Part. If the value 
is < 0.25, the shape of each line tends to follow the same pattern [7] in this 
case as all the lines are almost overlapped whi h indicates the interaction 
betv een Part and Operator is negligible. 
As we can see a random error in the above analysis, this study is repeated eliminating 
the random error, below are the results. 
Session window output: 
Gage R&R Study • ANOVA Method 
Gage R&R for Measurement 
Gage name: Mitutoyo Digital Micrometer 




Two-Way ANOVA Table With Interaction 
Source OF SS MS f p 
Part 9 0. 0272671) 0.0030297 210844 0.000 
Operator 2 0 .0000002 0.0000001 7 0 . 005 
Part • Operator 18 0.0000003 0 . 0000000 0 1.000 
Repeatability 60 0.000004 2 0.0000001 
Total 89 0.0272717 
Alpha to remove interaction term • 0.25 
Two-Way ANOVA Table Without Interaction 


















To al Gage R&R 




1'o al Variation 
Re c tab llty 
Reproducibility 
Operator 
Par -To-Pa t 
To al Va iation 
VarComp 
0 . 0000001 
0 . 0000001 




S dDev (S O) 
0.0002417 
0 . 0002385 
0.0000394 
0 . 0000394 
0.0183473 
0 . 0183 489 
\Con ribu ion 
(of Va r Comp) 
0 . 02 
0 . 02 
0 . 00 
0 . 00 
99 . 98 
100.00 
Study Va 
(6 • SO) 
0.001 450 
0 . 00 431 
0 . 000236 
0.000236 
0 . 110084 
0. 11 0093 
umber of Dis~inct Ca ego r ies • 107 










Gagt- l\ll'ne: MMuyo 1>9till Hoometer T~anao: 
Dae of !Nlly: MISc 
.. .... .., ... 
t::l~t:ld~;.:~, :::I i·----i-i I 
A I C 
6 ---
... ZIGU 
I 2 ) • 5 • 1 a ' 10 
I. This graph show that Pan-to-Part ariation i quite high and most of the 
ariation i due to pan to pan ariati n onl and not due to de ice ' s 
incapability 
2. Th line here i aim t a cur ed indicating difference bet\: een parts. and 
good potential of gage to identify the difference in them. 
3. In thi ca e the line i n n-Iinear indicating good potential of the gage. 
4. It is a level line. it tells us there i no difference in the \ a operators are 
mea uring part the repr ducibility i g od which i anywa indicated in 
Graph I. 
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5. Here can notice there is hardly an difference between the way operator are 
measuring the parts and that the gage is capable of identifying difference in 
the device. 
6. In thi graph we can see that all the three lines are overlapped indicating 
that there is no operator part interaction. 
Mituto o Indicator Ga e 
Mitutoyo Indicator Guage Stability 











: 0 .00015 
~ 
t 0 .00010 
E 
: 0 .00005 
11 0.0000679 
0 .00000 
2 ) 4 6 
s • ...,1e 
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Mitutoyo Indicator GUilge Stability 
0.0)010 
UC l• O.OltA1856 
o.o oos • • z 0.0)000 




2 ) 4 5 6 
s-,a. 
0.00020 UCl• 0.00019-21 
• 0.00015 .. • 
~ !I. 0.00010 .. 
E R• o.oooosss 
.: 0.00005 
0.00000 LCl• O 
2 J 4 6 
s •• , .. 
From the abo e graphs we can see that there i a bit of variation o r a period 
oltime. and the cause of this variation i Bia besides aging and wear and tear. 
Glge U...rlty end 119• Study for ResponM 
h port"' b'( : 
G11Qe iwme: H IUC f O lndil• IOt G1M9t Tolriancr: 
O.ile ol S1Vdy : HIM.: 
Ga9 LlnHrily 
• 
• • . .....-1 ,_ ___ __ __ -
~ 
·-----=------9"'~.._.-..... 0 




0.010 Cl.01 Q.020 Cl02S (UIJO 
bftrtnceValue 
- ....... ~ 
-- . f l ..... .. "-
Predic10t Gd SE Gd p -·nt 0. 00000270 O.OOOCH929 0.956 sio,e 0 748 0.00271) 0.1 15 
s 0.000 k · q I .~ 
llnurily 0.00000 7 .. ..., O.l 
Ga9e 111 .. 
Rtltttn<e ll it 'Mo in p 
A nr~ge O.llOOCH67 l .S 0.000 
o.oos 0.00008ll 2 0 .001 
0.01 -0.0002133 17.S 0.000 
o.0 1s 0.0001)]) 10.0 0.000 
0.02 0.0002833 21.2 0.000 
0.0) -0.0000))3 2.5 0.001 
Percent of Pr- Veriatlon 
Fr m above graph \ e can notice that bia i mcrea ing o er the range of 
measurements start from zero. thi gage has more Bias conc~m . 
Gage R&R Study - ANOVA Method 
age R&R Measuremen 
i u oyo n ic or Gu g 
nc : 
. sc : 
Two-Way ANOVA Table With Interaction 
A ha o remov ·n 
F S 
9 0 . 0272371 
2 0 . 0000000 
0 . 0000002 
0 . 00000 
0 . 0 ., 41 
0 . 00302 4 
0 . 0000000 
0 . 0000000 
0 . 0000001 





0 . 00 0 
0 . 5 
0 . 99 
Two-Way ANOVA Table Without Interaction 
Source r SS 
Part 0 . 0272377 
Op r 2 O. OOOnOOO 
y 7 0 . 00000 9 
0 . 0/7?41 
GageR&R 
VarCom 
0 . 0000000 
0 . 0000000 
y 0 . 0000000 
0 . 0000000 
Par 0 . 000 
To l Varia ion 0 . 000 
Source s dDev (SD) 
To al Ga e R&R 0 . 000 2 5 
Repea abil ty 0 . 0002225 
Reproduc i ill y 0 . 0000000 
O er Lor 0 . 0000000 
p r -To-Par 0 . 01 3 75 
o al Vari io 0 . 01 a 
MS 
0 . 00302 4 
0 . 0000000 
0 . 0000000 
11 44 . O. OOCi 
0 . 2 0 . 6 
Cont i bu io 
0 Varco ) 
0 . 0 
0 . 01 
0 . 00 
0 . 00 
9 . 
100 . 00 
S udy v r s udy v r 
( • SD) ( SV) 
0 . 001 5 1. 2 
0 . 00 335 . 2 
0 . 000000 0 . 0 
0 . 00000 0 0 . 00 
0 . 11 0025 
0 . 1 00 100 . 00 
Num er of Dis inc C Lea or ' S • 
Gioe ftlme: M•utoy lndltotor G11<t9t> 




lltpolttd by : 
Tolem1te: 
Mhc.: 
001 " l 
















1. In this case also, the ANOV A method will be more accurate than the X-bar 
and R method. This graph shows that Part-to-Part variation is very high 
and variation due to Gage R&R is cry less. 
2. This graph represents an erratic line (a non-level line), indicating that there 
are large differences between Parts. If it is almost a level-line, it tells us 
there is little difference between parts. 
3. This graph represents an erratic line (a non-level line), indicating that cause 
of variation is due to part to part variation. 
4. This graph represents a nearly level line; indicating that there are very 
small differences between the way operators are measuring and 
considerable difference between the parts. 
5. Most of the points in the X-bar chart are outside the control limits, 
indicating the variation is mainly caused by differences between parts and 
not Gage R&R. 
6. This graph is a visualization of the p-value for Operator*Part > 0.25 
MfNIT AB generates a second ANOV A table to omit the interaction term 
from the model. This graph indicates there is no interaction etween 
operator and part. 
From analysis of abo e gra hs it is clear that main cause of variation in Mitutoyo 
Indicator is part-to-part ariation only and the gage was performing well enough 
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Starret Micrometer 
Starrett Mlaometer Stability Chart 
0.00550 
• 0.00525 • • z 





2 4 5 6 
s • .., .. 
0.50 
• 0.25 • • 
~ 





J 4 5 6 
s. .. , .. 
Starrett Mlaometer Stability Chart 
0.00550 
• 0.00525 • • :IE 
~ I 
.. 




2 J 4 s 6 
s ... , .. 
0.50 
• 0.25 r 
~ 





2 4 5 6 
s .... , .. 
7 
As this gage has le s bias and good preci ion there is no significant change 
n ticed over time. 
Gllge L.Naray and Biu Study for Response 
Reported by : 
G1ge Nme: SIJIMtt Mlcromtter Tolerance: 
Date o4 study : HIK: 
Gage Une1rty 
P~or Coel SE COl'I p 
Constant 0.00000676 0.00002464 0.78S 
Slope ·0 .001464 0.001356 0.285 
s 0.0000904 R·Sq 2.~ 
llneirly 0.000002 ~lff•rty 0.1 ----- - -- -- .., .()0001 
Gage BWls 
Refertnce Siu ~ei.s p 
Average .().0000167 0.8 0.040 
0.005 0.0000000 0.0 
0.01 0.0000000 o.o 
0.01 .().0000.07 2.1 0.359 
.()JlOOl 0.02 0.0000000 o.o 
0.03 .().0000417 2. 1 0.3 
• • 
0. 0.010 0.01 o.mo o.ms ruoo 
llmre_v.._ 
In the Linearit_ and Bias tudy on Starret Mier meter it i e ident that starret 
micrometer perform best in the range 0-0.010 and for parts around thickne s 0.025. it 
has negligible linearity problem for mea uring in around thicknes of .015 and .030. 
Thi instrument has bias concern more than linearity. 
G1ge R&R Study - ANOVA Method 
R& R o easu re en 
S rr r 
Two-Way ANOVA Table With Interaction 
Source OF SS 
Part 9 0.0272377 
Opera or 2 0.0000017 
Part • Operator 18 0.0000015 
Repea abil " y 60 0.~000049 





0 . 0000001 
Alph to remove interaction term • 0 . 25 









source OF SS 
Part 9 0 .0272377 
Operator 2 0.0000017 
MS 









Repea ability 78 0 .0000064 
Total 89 0.0272458 
GageR&R 
Source Var Comp 
To al Gag R&R 0 . 0000001 
Repeatability 0.0000001 
Reproducibi li y 0 . 0000000 
Operator 0.0000000 
Part-To-Part o.o 03363 
Total Variation 0.0003364 
Source Stdoe ... 1SD) 
Total Gage R&R 0 . 000 286 
Repe tabil i y 0 .0002869 
Reproduc i b il i y 0 . 0001603 
Operator 0.000 1603 
Part-To-Par 0 . 0183373 
Total Variation 0 . 018340 
Contribution 







Study v r 
(6 • SD) 
0 .001972 
0 . 00 1721 
0.000962 
0 . 000962 
0 .11002 4 
0 .1 00 42 
umber of Distinct Categories .. 78 
Study V r 
( SV ) 
1. 79 
1. 56 
0 . 87 
0 . 87 
99 . 98 
100 . 00 
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Glge RaR (A NOVA) for Measurenant 
Reported by : 
G19e Mme: SUrlttt Hluomtttr Tolt,.nce: 
Datt ol siudy : 
100 
1 i so 
Hile: 
·-1 IOU 









1 ) • s 7 • ' 10 
'"" 
0 0 g 0 0 
I I I 
a.on ... 
0,.At.r • Pattl•radl911 
• • • .......... 
1 • • • 10 
PMt 
I. · ven in thi case. the AN VA method will be more accurate than the X-
bar and R method. This graph show that Pan-t -Part ariation is very high 
and variation due to age R&R is ery le . 
2. This graph repre. ent an erratic line a non-level line). indicating that there 
are large difference between Part . If it i aim st a level-line. it tells u 
there is little difference between pan . 
3. This graph represents an erratic line (an n-level line), indicating that cause 
of variation i due to part to part variation. 
4. Thi graph repre ent a nearl level line: indicatin • that there are very 
small difference between the way operator~ are measuring and 
c nsiderable difference between the part . 
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5. Most of the points in the X-bar chart are outside the control limits, 
indicating the variation is mainly caused by differences between parts and 
not Gage R&R. 
6. This graph indicates there is no interaction between operator and part. 
On the whole we can observe that the Gage is good enough part-to-part 
variation is cause of observed variation. 
Chapter S 
CONCLUSIONS AND RECOMMENDATIONS 
Statement of the Problem 
The study was designed to evaluate the capability of measurement systems for 
a plastic sheet film manufacturer in the mid-western United States in order to improve 
the quality of its products. 
Methods and Procedures 
The MSA study which thoroughly identifies and quantifies the causes of 
variation in the measurement systems used. Three measuring devices, Starret 
Micrometer, Digital Indicator and di ital micrometer have been evaluated through the 
study. Data results were retrieved from MINTAB 15 software and based on these 
results further analysis was achieved. 
Conclusions 
• Digital Micrometer is stable over period of study, has repeatability 
problems and no reproducibility problems and almost negligible bias 
concerns, plastic sheet film maker can continue to use this machine if gets 
41 
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the problem solved by calibrating or educating the operator about MSA 
and problem with this Gage in particular. 
• Digital Indicator is quite stable in the period of study, it has bias concerns 
and is not fit for its intended use, this gage cannot be continued to use 
though it is able to identify part to part variation to a great extent we cannot 
consider it without solving bias problem. 
• Starret Micrometer is stable during the period of study but has bias 
problems to a small extent, does not have worth worrying repeatability and 
reproducibility issues, this gage can be continued to use having the 
operator educated the bias of this gage. 
Recommendations 
A thorough understanding of measur ment ariation and the contribution is 
essential for operators. It is important to clearly define the problems or issues. 
Historical flowchart of the measurement systems and processes should be used to 
discuss the performance capability of the measurement systems itself and its 
interrelationship to the process. 
If in case the major cause of variation is the measurement system itself, it will 
become necessary to analyze and resolve this issues before working on the process. 
Sometimes the errors in the measurement system itself are o erlooked. Doing that 
causes loss of resources time since the focus is made on the process, when the actual 
problems are due the measurement system. 
43 
It is evident from this study that improvement of measurement system is 
compulsory. As the measuring systems are manual instruments, the study indicates 
that operator is a significant source of variation, and has trained, qualified operators 
using these systems. 
The changes made in the measurement system and the process should be tested 
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Mltutoto Digital Micrometer - Gage R&R 
Part Operator Measurement 
1 A 0.00455 
1 A 0.00455 
1 A 0.00465 
2 A 0.00535 
2 A 0.00570 
2 A 0.00525 
3 A 0.00850 
l A 0.00835 
3 A 0.00835 
4 A 0.00900 
4 A 0.00890 
4 A 0.83800 
5 A 0.01230 
5 A 0.01255 
5 A 0.01210 
6 A 0.01450 
6 A 0.01435 
6 A 0.01460 
7 A 0.02005 
7 A 0.02085 
7 A 0.02085 
8 A 0.03045 
8 A 0.03050 
8 A 0.03055 
9 A 0.03910 
9 A 0.03925 
9 A 0.03960 
10 A 0.06210 
10 A 0.06175 
0 A 0.06155 
1 B 0.00450 
1 B 0.00465 
1 B 0.00475 
2 B 0.00560 
2 B 0.00580 
2 B 0.00535 
3 B 0 .00860 
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3 B 0.00845 
3 B 0.00840 
4 B 0.00900 
4 B 0.00890 
4 B 0.00875 
5 B 0.01235 
5 B 0.01265 
5 B 0.01215 
6 B 0.01450 
6 B 0.01440 
6 B 0.')1460 
7 B 0.02010 
7 B 0.02100 
7 B 0.02080 
8 B 0.03070 
8 B 0.03075 
8 8 0.03065 
9 B 0.03900 
9 B 0.03930 
9 8 0.04030 
10 8 0.06145 
10 8 0.06195 
10 8 0.06175 
1 c 0.00460 
1 c 0.00450 
1 c 0.00460 
2 c 0.00550 
2 c 0.00560 
2 c 0.00520 
3 c 0.00830 
3 c 0.00820 
3 c 0.00820 
4 c 0.00890 
4 c 0.00880 
4 c 0.00860 
s c 0.01225 
5 c 0.01245 
5 c 0.01195 
6 c 0.01440 
6 c 0.01435 
6 c 0.01450 
7 c 0.01995 
7 c 0.02085 
7 c 0.02075 
8 c 0.03040 
8 c 0.03040 
8 c 0.03055 
9 c 0.03930 
9 c 0.03940 
9 c 0.03990 
10 c 0.06160 
10 c 0.06210 
10 c 0.06170 
Gage R&R Study -ANOVA Method 
Gage R&R for Measurement 
Gage name: Mitutoyo Digital Micrometer 




Two-Way ANOVA Table With Interaction 
Source Of SS 
9 0.076456 
2 0 . 015260 
18 0 . 137617 
60 0 .4 58220 
89 0.687553 
MS 
"' 08 4951 
0 .0076301 
0.0076454 
0 . 0076370 
Alpha to remove interaction term • 0.25 
Two-Way ANOVA Table Without Interaction 
f 
1.11115 






Source Of SS MS 
0.0084951 
0.0076301 
0 . 0076389 
F p 
Part 9 0.076456 
Opera or 2 0.015260 
Repea abili y 78 0 . 595837 
To al 89 0 . 687553 
GageR&R 
Source 
To al Gage R&R 
Repeatability 
Reproducibil i y 
Operator 
P r -To-Par 
To al Varia ton 
VarComp 
0.0076389 
0 . 0076389 
0 . 0000000 
0.0000000 
0 . 0000951 
0. 0077341 
1. 11208 0. 361 
0 . 99885 0.373 
C'on ribution 
(of VarComp) 








To l Ga 
R y 
S d v (SD) 
0 . 087 4010 
0 . 087 4010 
0 . 0000000 
0 . 0000000 
0 . 00 753? 
0 . 08'943 
0 era or 
r - To- Par 
Total Varia ·ion 
Nut'\ber o Dis inc Ca ego ie c 1 
Gave rwime: MllUtoro Oigb l Hlcromekr 
Dale of study : 
• Chart..., o,.,.... 
Dera..ttllly O,.ralllr 
A. I C 
u y Var 
( ' SD) 
0 . 5 40 
0 . 52 44 0 
0 . 000000 
0 . 000000 
0 . 0 22 





0 . 00 
0 . 00 
11. 0 
00 . 00 
... _ ... ...,,.rt 
" ~ ' .. 1 ) • s 7 ..... 
...._.,,...., o,enitor 
•  °""'" ... 
ri .Z\, ' ~ I l l 4 • 
Session window output: 
Gage R&R Study • ANOVA Method 
a e R&R for Measuremen 
Mi u oyo D1qi al Microme er 
SI 
! ! J • 9 10 
• c 





















0 . 0000001 
0 . 0000000 
0 . 0000001 
Alpha o remove interaction term • 0 . 25 
Two-Way ANOVA Table Without Interaction 














9 0 . 0272670 
2 0.0000002 
78 0.00.00044 
89 0 . 0212717 
MS 
0 . 0030297 
0 . 0000001 
0.0000001 
53260 .9 0.000 
1.8 0.169 
Gage R&R 
Cont ibu ion 
Source VarComp (of VarComp) 
Total Gage R&R 0 . 0000001 0.02 
Repeatabili y 0.0000001 0.02 
Reproducibility 0.0000000 0.00 
Operator 0.0000000 0.00 
Part-To-Part 0.0003366 99.98 
Total Variation 0 . 0003367 100.00 
s u y Var s udy Var 
Source StdDev (SO) (6 • SD) ( SV) 
Total Gage R&R 0 . 0002 417 0.001450 1. 32 
Repea ability 0.0002385 0.001431 l. 30 
Reproducibility 0 . 0000394 0 . 000236 0 . 21 
Operator 0.0000394 0.000236 0 . 21 
P rt-To-Part 0.0183473 0 .11008 4 99.99 
Total Variation 0.0183489 o. 110093 100 . 00 
Number of Dis i nct Categories • 107 
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Gage RaR (Af«JVA) for Measuresmnt 
Reported by : 
G1ge 111me: H•utoyo Olgbl Hlcronm r Toltr.uice: 
01tt °' stvdy : H&c: 
... _nt...,l'alt 
...., ... ___ ...,o,._ 
'~1 :: i i i I 
A c 
Mitutoyo Indicator gage - Gage R&R 
a r 0 era 0 Me suremen 
A 0 . 00'14 
l A 0 . 00 44 
1 I\ 0 . 00 
2 A 0 . 005 
2 A 0 . 0055 
A 0 . 0051 
A 0 . 00 -
3 A 0 . 008 '> 
3 A 0 . 00 .) 
lj A 0 . 00 
4 A 0 . 0087 
A 0 . 00 
5 I\ 0 . 0 0 
5 A 0 . 012 
5 A o.o l 
A 0 . 01 -
A 0 . 0 4 
A o. 01 4 
7 A 0 . 01 
7 A 0 . 0208 
7 A 0 . 0 01 
A 0 . 0 04 
f.. 0 . 0 03 
A o.o 0 
A 0 . 0 7 
A 0 . 038 
A 0 . 0 . '-
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10 A 0.0613 
10 I'. 0.0617 
10 A 0.0614 
1 B 0 .0044 
1 B 0 . 0043 
1 B 0 . 0044 
2 B 0 . 0054 
2 B 0 . 0055 
2 B 0 . 0050 
3 B 0.0082 
3 B 0.0082 
3 B 0.0082 
4 B 0.0087 
4 B 0.0087 
4 B 0 . 0086 
5 B 0.0119 
5 B 0.0123 
5 B 0.0118 
6 B 0.0143 
6 B 0 . 0142 
6 B 0 . 014 4 
7 B 0 .0198 
7 B 0.0208 
7 B 0 . 0207 
8 B 0 . 0304 
8 B 0.0303 
8 B 0 . 0305 
9 B 0.0388 
9 B 0 . 0389 
9 B 0 . 0392 
10 B 0.06 14 
10 B 0 . 0621 
10 B 0 .0619 
l c 0 . 0044 
1 c 0.0044 
1 c 0.0044 
2 c 0 . 0053 
2 c 0 .0054 
2 c 0 . 01)51 
3 c 0.0083 
3 c 0 . 0082 
3 c 0.0082 
4 c 0.0088 
4 c 0.0087 
4 c 0 . 0086 
5 c 0 . 0119 
5 c 0 . 0123 
5 c 0 . 0117 
6 c 0.0 143 
6 c 0 . 0142 
6 c 0.0144 
7 c 0 .0199 
7 c 0 . 0208 
7 c 0 . 0207 
8 c 0.0304 
8 c 0. 0 303 
8 c 0.0304 
9 c 0 . 0387 
9 c 0.0390 









0 . 0617 
Gage R&R Study • ANOVA Method 
Gage R&R for Measurement 
Gage name: Mitutoyo Indicator Guage 
Date of study: 
Repo ted by: 
Tolerance: 
Misc: 
Two-Way ANOVA Table With Interaction 
SourcE: OF SS 
Part 9 0.0272377 
Operator 2 0 . 0000000 
Part • Operator 18 0.0000002 
Repeatability 60 0 . 0000036 
Total 89 0 . 0272416 
MS 
0 . 0030264 
0 . 0000000 
0.0000000 
0.0000001 
Alpha to re~ove interaction term = 0.25 





0 . 000 
~.SO! 
0.999 
Source OF SS 
Part 9 0.0272377 











Repeatability 7 8 0.0000039 












































0. 11 0025 
0 . ll 'J033 




1. 2 1 
0.00 




Gtge RllR (ANlYA) for Measurement 
GtQt' name: H•111oyo lndlcatorGuaoe 
01tt ol study : 
Starret Micrometer - Gage R&R 
Part Operator Meas ur-ant 
l A 0 . 0045 
1 A 0 . 0045 
1 A 0 . 0045 
2 A 0 . 0055 
2 A 0 . 0055 
2 A 0 . 0050 
3 A 0 . 0080 
3 A 0 . 0080 
3 A 0 . 0080 
4 A 0 . 0090 
• A 0 . 0090 
' A 0 . 0085 5 A 0 . 0120 
5 A 0.0120 
5 A 0 . 0120 
6 A 0 . 0140 
6 A 0.01'0 
6 A 0 . 0145 
7 A 0 . 0200 
7 A 0 . 0210 
7 A 0 . 0215 
8 A 0 . 0300 
8 A 0 . 0300 
8 A 0 .03 05 
9 A 0. 03 90 
9 A 0 . 0390 
9 A 0 . 0395 
10 A 0 . 0615 
Reported by : 
Toitr•nce: 
Hise 
~ •• ...,,.rt 
:L 
I 
:l i i i I 
~ fl ' ---
! ::!, ______ ! ~ 21~ 
I Z J • S 6 1 B 9 ~ 
P-1 
57 
10 ,. 0 . 0620 
10 A 0.0620 
1 B 0.0048 
1 B 0.0045 
1 B 0 . 0048 
2 B 0.0058 
2 8 0.0058 
2 B 0.0053 
3 B 0 . 0088 
3 B 0 . 0082 
3 B 0.0083 
4 B 0 . 0091 
4 B 0 . 0090 
4 B 0.0089 
5 B 0 . 0125 
5 B 0 . 0127 
5 B 0 . 0120 
6 B 0 . 0145 
6 B 0.0143 
6 B 0.0145 
7 B 0 . 0201 
7 B 0 . 0210 
7 B 0.0209 
8 B 0 . 0308 
8 B 0 . 0308 
8 B 0 . 0308 
9 B 0 . 0398 
9 B 0 . 0400 
9 B 0 . 0399 
10 B 0 . 0618 
10 B 0 . 0620 
10 B 0.0618 
1 c 0 . 0045 
1 c 0 . 0043 
1 c 0 . 0046 
2 c 0 . 0058 
2 c 0 . 0053 
2 c 0 . 0051 
3 c 0.0084 
3 c 0.0082 
3 c 0.0081 
4 c 0 . 0090 
4 c 0 . 0089 
4 c 0 . 0088 
5 c 0 . 0121 
5 c 0 . 0125 
5 c 0 . 0120 
6 c 0 . 0143 
6 c 0 . 0142 
6 c 0 . 0144 
7 c 0 . 0200 
7 c 0 . 0208 
7 c 0 . 0207 
8 c 0 . 0303 
8 c 0 . 0302 
8 c 0 . 0305 
9 c 0 . 0392 
9 c 0 . 0391 
9 c 0 . 0398 





0 . 0611 
0 . 0617 
Gage R&R Study - ANOVA Method 
Gage R&R for Measurement 
Gage name: Starret Micrometer 




Two-Way ANOVA Table With Interaction 
Source OF SS 
Part 9 0.0272377 
Operator 2 0.0000017 
Part • Operator 18 0 . 0000015 
Repea ability 60 0.0000049 






Alpha to reroo•e interactior. term • 0.25 






0 . 000 
0 . 001 
o. 463 
Source OF SS 
Part 9 0.0272377 
Opera or 2 0.0000017 
MS 









RepEatability 78 0.0000064 
Total 89 0.0272 458 
GageR&R 
Source VarComp 
Total G ge R R 0 .0000001 
Repeatability 0 . 0000001 
Re roducibili y 0 . 0000000 
Ope ra or 0 . 0000000 
Part -To- Part 0 .0003363 
Total Varia . ion 0 . 0003 364 
Source StdOev (SO) 
Total Ga e R&R 0.0003286 
Repe abil i y 0 . 0002869 
Reproducibili y '1.000 1603 
Op ra o 0 .0001603 
Part-To- P rt 0.0183373 
Total Variation 0.0183403 
Contribution 
(of VarComp) 
0 . 03 
0.02 
0.01 
0 . 01 
99.97 
100 . 00 
Study Var 

















G9ge RaR (ANDVA) for Measurement 
Gagen.me: Slamett Mlaomt1er 
Oat<' of stuctr : 
c-,. ....... v. ........ 
,..t 
•a.rt.,._. 
.... O..it., a,. ..... 
Starret Micrometer - linearity & Bias 
Part Master Response 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
2 0.010 0.0100 
2 0.010 0.0100 
2 0.010 0.0100 
2 0.010 0.0100 
2 0.010 0.0100 
2 0.010 0.0100 
lleponl'd .-, : 
lolu•nce: 
Mk<' 
::1 •. ! ! ~ ~I 
I 1 l • 1 I 9 10 ..... 
::1 i i i I 
• • c 
r:: .. j =-:!__ID 
0000 -f""" ' ~ ~ ~. 
I 1 l • I f 10 ..... 
59 
60 
2 0.010 0.0100 
2 0.010 0.0100 
2 0.010 0.0100 
2 0.010 0.0100 
2 0.010 0.0100 
2 0.010 0.0100 
3 0.015 0.0150 
3 0.015 0.0150 
3 0.015 0.0150 
3 0.015 0.0150 
3 0.015 O.OlSO 
3 0.015 0.0150 
3 0.015 0.0150 
3 0 .015 0.0150 
3 0.015 0.0145 
3 0.015 0.0150 
3 0.015 0.0150 
3 0.015 0.0150 
4 0.020 0.0200 
4 0.020 0.0200 
4 0.020 0.0200 
4 0.020 0.0200 
4 0.020 0.0200 
4 0.020 0.0200 
4 0.020 0.0200 
4 0.020 0.0200 
4 0.020 0.0200 
4 0.020 0.0200 
4 0.020 0.0200 
4 0.020 0.0200 
5 0.030 0.0300 
5 0.030 0.0300 
5 0.030 0.0300 
s 0.030 0.0300 
s 0.030 0.0300 
5 0.030 0.0300 
5 0.030 0.0295 
5 0.030 0.0300 
5 0.030 0.0300 
5 0.030 0.0300 
5 0.030 0.0300 
5 0.030 0.0300 
Glge l.8Mwlty •nd lias St udy for Response 
G•ge rw-: Sl•11ttt Mluometer 
Date ol stucly : 
--OJXllO - c · - ~ ... ...... .. .......... ...=. =--- -- , ---
i 
• • 
o.cm 0.010 o.o 0.01.0 o.olS o.ooo 
•• ,. ...... v .... 
Mitutoyo lndi~ator - Gage Linearity & Bias 
Part Master Response 
1 0.005 0.0051 
1 0.005 0.0050 
1 0.005 0.0051 
1 0.005 0.0051 
1 0.005 0.0051 
1 0.005 0.0051 
1 0.005 0.0051 
1 0.005 0.0051 
1 0.005 0.0052 
1 0.005 0.0050 
1 0.005 0.0051 
1 0.005 0.0050 





Pred or Cod Coef p 
CC>Mlanl 0.00000676 0.00002464 0.78S 
Slope -0.00146-1 O.OOUS6 0 .28$ 
s 0.000090'4 R·Sq 2.014> 
l.IMartly 0.0000029 'Ml l.Jneartly 0.1 
G119t 811 
Reference Bin 'llo 81a p 
A" eragt -0.0000.167 0.8 O.IHO 
0.005 0.0000000 o.o 
0.01 0.0000000 o.o 
O.OlS -0.0000417 2. 1 O,J S 
0.02 0.0000000 0.0 
O,OJ ·0.0000417 2.1 0.359 
Percent ol Proa• Variation 
t 
:1 ~ l 
62 
2 0.010 0.0098 
2 0.010 0.0098 
2 0.010 0.0097 
2 0.010 0.0097 
2 0.010 0.0098 
2 0.010 0.0098 
2 0 .010 0.0097 
2 0.010 0.0097 
2 0.010 0.0098 
2 0.010 0.0098 
2 0.010 0.0098 
2 0.010 0.0098 
3 0 .015 0.0152 
3 0.015 0.0151 
3 0.015 0.0151 
3 0.015 0.0152 
3 0.015 0.0151 
3 0.015 0.0152 
3 0.015 0.0152 
3 0.015 0.0151 
3 0.015 0.0151 
3 0.015 0.0151 
3 0.015 0.0151 
3 0.015 0.0151 
4 0.020 0.0203 
4 0 .020 0.0203 
4 0.020 0.0202 
4 0.020 0.0203 
4 0.020 0.0203 
4 0.020 0.0203 
4 0.020 0.0203 
4 0.020 0.0202 
4 0.020 0.0203 
4 0.020 0.0203 
4 0.020 0.0203 
4 0.020 0.0203 
s 0.030 0.0300 
s 0.030 0.0299 
5 0.030 0.0300 
5 0.030 0.0299 
5 0.030 0.0300 
s 0.030 0.0300 
s 0.030 0.0300 
5 0.030 0.0300 
5 0.030 0.0299 
5 0.030 0.0300 
5 0.030 0.0299 
5 0.030 0.0300 
Gage L'nearty and Bias StudJ for Respome 
G• Mme: Mlutoyo lndlc•lotG~~ 
Date ol seudy : 









0.01.0 O.OIS Cl020 llCll!S 0 
11.te ..... v.._ 
Digital Micrometer - Linearity & Bias 
Part Master Response 
1 0.005 0.00495 
1 0.005 0.00515 
1 0.005 0.00515 
1 0.005 0.00515 
1 0.005 0.00515 
1 0.005 0.00515 
• 
• 
Reported ti., : 
Tolt:riln<t: 
Mb« : 
- . .., .. 
- -~(1 ·-...... 
63 
G~gl' UM111ty 
Predictor C.>ef SE COl'I p 
COfl\lilnt 0.00000270 0.00004929 0.956 
Slopt 0.002748 0.002713 0.315 
c; 0.0001808 R· q 1.7 
Unt1r1ty 0.0000037 ,._ Untar1ty 0.3 
Gage81a 
Rtl~IKt Bits 'II. Bii~ p 
Avflll9" 0.0000467 3.5 0.000 
o.oos 0.0000833 6.2 0.001 
0.01 -0.0002333 17. 0.000 
0.015 0.0001333 10.0 0.000 
0.02 0.0002833 21.2 0.000 
0.03 -0.0000333 2.5 0.004 
64 
1 0.005 0.00510 
1 0.005 0.00515 
1 0.005 0.00515 
1 0.005 0.00515 
1 0.005 0.00510 
1 0.005 0.00515 
2 0.010 0.00995 
2 0.010 0.00990 
2 0.010 0.01000 
2 0.010 0.00990 
2 0.010 0.00950 
2 0.010 0.00990 
2 0.010 0.00990 
2 0.010 0.01000 
2 0.010 0.00990 
2 0.010 0.00990 
2 0 .010 0.00990 
2 0.010 0.00990 
3 0.015 0.01530 
3 0.015 0.01520 
3 0.015 0.01525 
3 0.015 0.01520 
3 0.015 0.01520 
3 0.015 0.01525 
3 0 .015 0.01530 
3 0.015 0.01520 
3 0.015 0.01525 
3 0.015 0.01525 
3 0.015 0.01525 
3 0.015 0.01525 
4 0 .020 0.02040 
4 0 .020 0.02040 
4 0.020 0.02030 
4 0.020 0.02030 
4 0.020 0.02025 
4 0.020 0.02030 
4 0.020 0.02035 
4 0.020 0.02035 































Gage Unearty and Bias Study for Response 
G.aoe n1m : H•utovo Olgil•I Mlrromet r 
Oa e of stud'( : 
I 
• • - . I -----
• • • • -- · 
---------- · 
----· ---- ------- - --- 0 • • • 
I 
o.oo5 0.010 0.015 O.a20 O.G2S Oo:xl 
llm.a-v .... 
Reportfll by : 
Tc*rance: 
Ml!.c 
-•<9 "' - -'""(I ..... . ....... 
65 
Gage Lile1rily 
P~or Coef SE Coef p 
COM!llrn 0.0001('117 0.00004903 0.038 
Slope 0.00.1833 0.002699 0.759 
0.0001798 R· q o.~ 
Urlear'lly 0.0004370 'Mo ~.,.., 0.1 
G.ge811s 
Refe~nce Blu '!lt rlls p 
Average 0,0001175 0.0 0.000 
0.005 0.0001250 0.0 0.000 
0.01 -0.0001125 0.0 0.028 
0.015 0.0002-417 0.0 0.000 
0.02 0.0003417 0.1 0 .000 




Part Operator Measurement 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
Starrett Micrometer 
Gage Stability 
Part Operator Measurement 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
t 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
1 0.005 0.0050 
67 
Starrett Miaonll!ter Stability Chart 
0.00550 




2 4 5 6 
Salftple 
0.50 
• 0.2S • • :I 
!l 0.00 imoo> • E • -0.2S • 
-0.50 
2 3 .. 5 6 
S.a~lc 
Starrett Micro111eter Stability Chart 
0.00550-




2 3 .. 6 
Salftple 
0.50 
• 0.2S • c 
:I 
imoo> J! 0.00 • E 
el -0.25 
-0.SO 
2 3 " 5 6 Sample 
68 
Mitutoyo Digital Micrometer 
Gage Stability 
Part Operator Measurement 
3 0.015 0.01530 
3 0.015 0.01520 
3 0.015 0.01525 
3 0.015 0.01520 
3 0.015 0.01520 
3 0.015 0.01525 
3 0.015 0.01530 
3 0.015 0.01520 
3 0.015 0.01525 
3 0.015 0.01525 
3 0.015 0.01525 
3 0.015 0.01525 
Mitutoyo Digital Micrometer 
Gage Stability 
Part Operator Measuref'T'ent 
3 0.015 0.01525 
3 0.015 0.01520 
3 0.015 0.01 25 
3 0.015 0.01520 
3 0.015 0.01520 
3 0.015 0.01525 
3 0.015 0.01530 
3 0.015 0.01520 
3 0.015 0.01525 
3 0.015 0.01523 
3 0.015 0.01525 
3 0.015 0 .01525 
69 
Mttutoyo Digital Micrometer Stability 
0.01Sl5 UCL• O.OISH.26 
a O.OISJO 










~ Jt 0.00010 
... 
E 
R• O.OOOOSJ7 .: 0.00005 
0.00000 LCL• O 
) .. 6 
s ... , .. 
Mitutoyo Digital Micrometer Stability 
UCL=0.01SJ212 
0.01530 
c • • :IE 0.01525 
i • 0.0152358 J! • J O.OlSi.O 
0.01515 LC l mO.OlSlSIH 




• 0 .0001;· 
r 
~ Jt 0.00038 
• E 
: O.OOOCH • 0.0000454 
o.ooooob 
2 ) 4 5 6 
s.., .. 
70 
Mitutoyo Indicator Guage 
Gage Stability 
Part Operator Measurement 
5 0.03 0.0300 
5 0.03 0.0299 
s 0.03 0.0300 
s 0.03 0.0299 
s 0.03 0.0300 
s 0.03 0.0300 
5 0.03 0.0300 
s 0.03 0.0300 
s 0.03 0.0299 
s 0.03 0.0300 
s 0.03 0.0299 
s 0.03 0.0300 
Mitutoyo Indicator Guage 
Gage Stability 
Part Operator Measurement 
s 0.03 0.0300 
s 0.03 0.0299 
s 0.03 0.0300 
s 0.03 0.0299 
s 0.03 0.0300 
s 0.03 0.0300 
s 0.03 0.0300 
s 0.03 0.0300 
5 0.03 0.0299 
s 0.03 0.0300 
5 0.03 0.0300 
5 o.~3 0.0300 
71 
Mttuloyo Indicator Guage Stability 
0.0301 UCL• O.OJ00943 
• • ~ 0.0300 
~ ~ .I • .. I 
.: 0.0299 
LC l :s0.0298390 
J 4 6 
Sa••le 






E li • 0.000067<1 
.: 0.00005 
0.00000 lCls O 
2 3 4 5 6 
S.••le 
Mitutoyo Indicator Guage Stability 
0.03010 
UC l • 0.0300856 
0.03005 • • • z 0.03000 





2 J .. 5 6 
..... ,ie 
0.00020 u l : 0.0001921 
• 0.00015 • • 
~ t 0.00010 • .... 
Rc 0.0000588 
.: 0.00005 
0.00000 lCl• O 
2 ) 4 5 6 
. . .. ,1e 
